We describe some of the future measurements to be performed by the CMS, TOTEM and ATLAS collaborations on hard diffraction in order to understand better the structure of the Pomeron. We also describe the prospects concerning the search for quartic γγγγ anomalous couplings and discuss a possible interpretation for the existence of a new particle decaying into two photons at a mass of about 750 GeV.
In this short review, we will describe some potential measurements to be performed at the LHC mainly in the ATLAS, CMS-TOTEM, CT-PPS experiments in order to get a better understanding of diffraction and photonexchange processes. Of special interest will be the discussion of beyond standard model reaches especially in the di-photon channel that might be the firt sign of new physics. These studies follow a long term collaboration with Prof. Andrzej Bialas and Prof. Robert Peschanski that started after my PhD in Saclay about the dipole model and diffraction [1] and I would like to express all my gratitude to Andrezj for this long term and successful collaboration, and to wish him a very nice birthday for this occasion.
Experimental definition of diffraction and measurement of the gluon density in the Pomeron at HERA
In this section, we discuss the different experimental ways to define diffraction. As an example, we describe the methods used by the H1 and ZEUS experiments at HERA, DESY, Hamburg in Germany since it is the starting point for any diffraction studies at the LHC (most of the quark and gluon densities in the Pomeron were obtained using HERA data). In addition, many results concerning diffraction have been obtained at the Tevatron and the LHC will allow to extend these measurements in a completely new kinematical domain.
(1)
The rapidity gap method
HERA is a collider where electrons of 27.6 GeV collide with protons of 920 GeV. A typical event as shown in the upper plot of Fig. 1 is ep → eX where electron and jets are produced in the final state. We notice that the electron is scattered in the H1 backward detector 1 (in green) whereas some hadronic activity is present in the forward region of the detector (in the LAr calorimeter and in the forward muon detectors). The proton is thus completely destroyed and the interaction leads to jets and proton remnants directly observable in the detector. The fact that much energy is observed in the forward region is due to colour exchange between the scattered jet and the proton remnants. In about 10% of the events, the situation is completely different. Such events appear like the one shown in the bottom plot of Fig. 1 . The electron is still present in the backward detector, there is still some hadronic activity (jets) in the LAr calorimeter, but no energy above noise level is deposited in the forward part of the LAr calorimeter or in the forward muon detectors. In other words, there is no color exchange between the proton and the produced jets. As an example, this can be explained if the proton stays intact after the interaction.
This experimental observation leads to the first definition of diffraction: request a rapidity gap (in other words a domain in the forward detectors where no energy is deposited above noise level) in the forward region. For example, the H1 collaboration requests no energy deposition in the rapidity region 3.3 < η < 7.5 where η is the pseudorapidity. Let us note that this approach does not insure that the proton stays intact after the interaction, but it represents a limit on the mass of the produced object M Y < 1.6 GeV. Within this limit, the proton could be dissociated. The advantage of the rapidity gap method is that it is quite easy to implement and it has a large acceptance in the diffractive kinematical plane. The inconvenient is that it is difficult to use at the LHC because of pile up events. In order to accumulate high luminosities at the LHC, many proton interactions occur within the same bunch crossing and a diffractive event will be overlapping with non-diffractive events that will induce the presence of energy in the forward region.
Proton tagging
The second experimental method to detect diffractive events is also natural: the idea is to detect directly the intact proton in the final state. The proton loses a small fraction of its energy and is thus scattered at very small angle with respect to the beam direction. Some special detectors called roman pots can be used to detect the protons close to the beam. The basic idea is simple: the roman pot detectors are located far away from the interaction point and can move close to the beam, when the beam is stable, to detect protons scattered at vary small angles. The inconvenience is that the kinematical reach of those detectors is usually smaller than with the rapidity gap method. On the other hand, the advantage is that it gives a clear signal of diffraction since it measures the diffracted proton directly.
A scheme of a roman pot detector as it is used by the H1 or ZEUS experiment is shown in Fig. 2 , and similar detectors are used by the TOTEM, CMS-TOTEM and ATLAS collaborations at the LHC. The beam is the horizontal line at the upper part of the figure. The detector is located in the pot itself and can move closer to the beam when the beam is stable enough (during the injection period, the detectors are protected in the home position).
Step motors allow to move the detectors with high precision. A precise knowledge of the detector position is necessary to reconstruct the transverse momentum of the scattered proton and thus the diffractive kinematical variables. The detectors are placed in a secondary vaccuum with respect to the beam one.
Diffractive kinematical variables
After having described the different experimental definitions of diffraction at HERA, we will give the new kinematical variables used to characterise diffraction. A typical diffractive event is shown in Fig. 3 where ep → epX is depicted. In addition to the usual deep inelastic variables, Q 2 the transfered energy squared at the electron vertex, x the fraction of the proton momentum carried by the struck quark, W 2 = Q 2 (1/x − 1) the total energy in the final state, new diffractive variables are defined: x P (called ξ at the Tevatron and the LHC) is the momentum fraction of the proton carried by the colourless object called the pomeron, and β the momentum fraction of the pomeron carried by the interacting parton inside the pomeron if we assume the pomeron to be made of quarks and gluons.
Extraction of the gluon density in the Pomeron
The general idea is to measure the cross section to produce diffractive events either by requesting the presence of a rapidity gap in the forward direction or of a tagged proton in roman pot detectors as a function of the t, ξ, β, Q 2 kinematic variables. The following step is to perform Dokshitzer Gribov Lipatov Altarelli Parisi (DGLAP) [2] fits to the pomeron structure function. If we assume that the pomeron is made of quarks and gluons, it is natural to check whether the DGLAP evolution equations are able to describe the Q 2 evolution of these parton densities.
The DGLAP QCD fit allows to get the parton distributions in the pomeron as a direct output of the fit [3] , and they are displayed in Fig. 4 as a blue shaded area as a function of β. We first note that the gluon density is much higher than the quark one, showing that the pomeron is gluon dominated. We also note that the gluon density at high β is poorly constrained which is shown by the larger shaded area. The measurement of dijet cross section in diffraction allows contraining the gluon density further but the high β density is still poorly constrained.
Diffraction at the LHC
In the same way that we discuss diffraction at HERA, diffraction can occur at the LHC, the 13 TeV pp collider located close to Geneva, at CERN, Switzerland. In that case, one can have diffraction on one side only (single diffraction) or on both sides (double pomeron exchange).
Diffractive kinematical variables
As we just mentioned, diffraction at the LHC can occur on both p sides. In the same way as we defined the kinematical variables x P and β at HERA, we define ξ 1,2 (=x P at HERA) as the proton fractional momentum loss (or as the p momentum fraction carried by the pomeron), and β 1,2 , the fraction of the pomeron momentum carried by the interacting parton. The produced diffractive mass is equal to M 2 = sξ 1 for single diffractive events and to M 2 = sξ 1 ξ 2 for double pomeron exchange. The size of the rapidity gap is of the order of ∆η ∼ log 1/ξ 1,2 .
The rapidity gap method can be only used at low luminosity at the LHC. At high instantaneous luminosity, many interactions (called pile up) occur within the same bunch crossing. The pile up interactions will fill in the rapidity gap devoid of any energy, making difficult to use the rapidity gap method. It is thus preferable to tag directly the protons at the LHC.
Diffraction at the LHC
In this short report we discuss some potential measurements that can be accomplished in forward physics at the LHC. We distinguish between the low luminosity (no pile up), medium luminosity (moderate pile up) and high luminosity (high pile up) environments. Forward physics is fundamental at the LHC since it adresses the QCD dynamics at the interface between hard and soft physics. For instance, the soft total pp cross section probes long transverse distances, and the BFKL [4] pomeron is valid at short distances. In addition, diffraction and especially photon exchange processes allow performing searches beyond the standard model. Diffractive events are also important to tune MC and understand underlying events and soft QCD. More details about the different measurements can be found in [5] . At the LHC, the different detectors are sensitive to different programs of forward physics. The LHCf detector [6] measures the multiplicities and energy flow in the very forward direction at very low luminosity. The selection of diffractive events in LHCb [7] and Alice [8] is performed by using the socalled rapidity gap method and will benefit from new scintillators that cover the forward region as was installed previously in CMS. The present coverage of the CMS and ATLAS forward detectors is complemented by the AFP and CMS-TOTEM/CT-PPS projects to add additional proton detectors at about 220 meters from the interaction point [10, 11] .
Running at low and high β * using the CMS-TOTEM, CT-PPS and ATLAS-AFP detectors allows accessing different kinematical domains for diffraction. In Fig. 5 are displayed the acceptances in proton relative energy loss ξ versus the proton transverse momentum p T for two values of β * (0.55 m, the nominal collision optics, and 90 m) for vertical (ALFA) or horizontal (AFP) roman pot detector configurations located about 220 m from the ATLAS interaction point [5] . We notice that one can access low and high mass diffraction (low and high ξ) at high β * in ALFA and only low mass diffraction (up to ξ ∼0.15) at low β * using AFP. Both measurements will be thus interesting in order to cover easily low and high mass diffraction. The kinematical coverage is similar for the vertical (CMS-TOTEM) and the horizontal pots (CT-PPS) of CMS and TOTEM.
Different luminosity conditions
As we mentioned in the last section, we distinguish between the low, medium and high luminosity runs [12] .
The low luminosity runs (without pile up) allow performing multiplicity and energy flow measurements useful to tune MC as well as to measure the total and soft diffractive cross sections in the ATLAS/ALFA and TOTEM experiments. Additional measurements such as single diffraction, low mass resonances and glueballs typically require a few days of data taking (0.1 to 1. pb −1 ).
Medium luminosity runs are specific for the different LHC experiments. LHCb accumulate typically a few fb −1 at low pile up during their nominal data taking while the CMS-TOTEM and ATLAS (ALFA and AFP) can accumulate low pile up data in low and high β * special runs at low luminosity at the LHC. It is then typically possible to accumulate 1 to 10 pb −1 at high β * with a pile up µ ∼1 with a few days of data taking and 10 to 100 pb −1 at low β * with one to two weeks of data taking at µ ∼2 to 5. High pile up data taking means taking all the luminosity delivered typically to ATLAS and CMS with a pile up µ between 20 and 100. It is also possible to collect data at a lower pile up µ ∼25 by restricting to end of store data taking (up to 40% of the total luminosity can be collected in this way). or to data originating from the tails of the vertex distribution.
Low luminosity measurements
In addition to measurements of the total and soft diffraction cross sections performed at high β * in dedicated runs, data taken without pile up are specially interesting to measure multiplicities and energy flow especially useful to tune MC benefitting from the different coverage in rapidity of the different LHC experiments. There is also a special interest driven by the cosmic ray community to measure the multiplicities in proton-oxygen runs at the LHC since models make different predictions in those conditions even if they lead to similar predictions in proton proton interactions at 14 TeV. This will allow making precise predictions on proton oxygen events for cosmic ray physics. Another example of fundamental measurements to be performed at very low luminosity is the measurement of the size of the forward gap in diffractive events when the protons are tagged in AFP or in TOTEM. The differences between the models are much larger when the protons are tagged [5] , and this will allow further tuning of the models as shown in Fig. 6 .
Medium luminosity measurements

Inclusive diffractive measurements
Medium luminosity measurements with the rapidity gap method used in Alice (two new scintillator hodoscopes covering −7.0 < η < −4.9 and 4.8 < η < 6.3 are being installed in Alice in order to improve the forward coverage) or with proton tagging in AFP and CMS-TOTEM allow constraining further the pomeron structure using γ+jet and dijet events [9] . The aim is to answer mainly the following questions that are fundamental from the QCD point of view:
• Is it the same object (the same pomeron) which explains diffraction in pp (LHC) and ep (HERA)? Are the measurements compatible between the different accelerators?
• If yes, what are the further constraints of the pomeron structure in terms of quarks and gluons? • What is the value of the survival probability? It is important to measure it since it is difficult to compute it theoretically, being sensitive to non-perturbative physics Feasibility studies have been performed in ATLAS (and measurements started in CMS-TOTEM at 8 TeV) concerning the possibility to measure jet production cross sections in single diffractive and double pomeron exchange events at low β * [5] .
Dijet production in double Pomeron exchanges processes and sensitivity to the gluon density in the pomeron
One can first probe if the Pomeron is universal between ep and pp colliders, or in other words, if we are sensitive to the same object at HERA and the LHC using as an example dijet production in single diffractive and double pomeron exchange at the LHC. It is possible to assess the gluon and quark densities using the dijet and γ + jet productions. The different diagrams of the processes that can be studied at the LHC are shown in Fig. 7 , namely double pomeron exchange (DPE) production of dijets (left), of γ+jet (middle), sensitive respectively to the gluon and quark contents of the Pomeron, and the jet gap jet events (right).
The dijet production in DPE events at the LHC is sensitive to the gluon density in the Pomeron. In order to quantify how well we are sensitive to the Pomeron structure in terms of gluon density at the LHC, we display in Fig. 8 , the dijet mass fraction, the ratio of the dijet mass to the total diffractive mass [9, 13, 14] . The central black line displays the cross section value for the gluon density in the Pomeron measured at HERA including an additional survival probability of 0.03. The yellow band shows the effect of the 20% uncertainty on the gluon density taking into account the normalisation uncertainties. The dashed curves display how the dijet cross section at the LHC is sensitive to the gluon density distribution especially at high β. For this sake, we multiply the gluon density in the Pomeron from HERA by (1 − β) ν where ν varies between -1 and 1. When ν is equal to -1 (resp. 1), the gluon density is enhanced (resp, decreased) at high β. We note that the curves corresponding to the different values of ν are much more separated at high values of the dijet mass fraction, meaning that this observable is indeed sensitive to the gluon density at high β.
2.5.3. Sensitivity to the Pomeron structure in quarks using γ + jet events and W asymmetry
The QCD diffractive fits performed at HERA assumed that u = d = s =ū =d =s, since data were not sensitive to the difference between the different quark component in the Pomeron. On the contrary, measuring the γ+jet to the dijet cross section ratios as a function of the diffractive mass M allows to distinguish between different assumptions on the quark content of the Pomeron [9] . For instance, varying d/u between 0.25 and 4 leads to a variation of the cross section ratio by a factor 2.5. These measuremnts can be performed both at low and high β * leading to different kinematical domains in jet and photon p T .
In addition, it is possible to use the W asymmetry in single diffractive W production [15] . Typically, the muon asymmetry is directly sensitive to the quark content of the pomeron and varies by a factor 6 at low ξ between the assumptions u/d = 2 or u/d = 1/2 for the quark content in the pomeron.
Probing BFKL dynamics in diffractive events
In this subsection, we will discuss how one can probe NLL BFKL resummation effects using gap between jets events at the LHC in double pomeron exchanges (we will assume that the proton can be tagged in AFP or CMS/TOTEM).
The production cross section of two jets with a gap in rapidity between them reads
where √ s is the total energy of the collision, E T the transverse momentum of the two jets, x 1 and x 2 their longitudinal fraction of momentum with respect to the incident hadrons, S the survival probability, and f the effective parton density functions [16] . The rapidity gap between the two jets is ∆η = ln(x 1 x 2 s/p 2 T ). The cross section is given by
in terms of the gg → gg scattering amplitude A(∆η, p 2 T ). In the following, we consider the high energy limit in which the rapidity gap ∆η is assumed to be very large. The BFKL framework allows to compute the gg → gg amplitude in this regime, and the result is known up to NLL accuracy
with the complex integral running along the imaginary axis from 1/2−i∞ to 1/2+i∞, and with only even conformal spins contributing to the sum, andᾱ = α S N C /π the running coupling.
In this study, we performed a parametrised distribution of dσ gg→gg /dE 2 T so that it can be easily implemented in the Herwig Monte Carlo [17] since performing the integral over γ in particular would be too much time consuming in a Monte Carlo. The implementation of the BFKL cross section in a Monte Carlo is absolutely necessary to make a direct comparison with data. Namely, the measurements are sensititive to the jet size (for instance, experimentally the gap size is different from the rapidity interval between the jets which is not the case by definition in the analytic calculation).
It is thus possible to detect jet-gap-jet events in diffractive double pomeron exchange processes [16] . The idea is to tag the intact protons inside the AFP and CMS/TOTEM forward proton detectors [11] located at about 220 m from the ATLAS and CMS interaction points on both sides. The advantage of such processes is that they are quite clean since they are not "polluted" by proton remnants and it is possible to go to larger jet separation than for usual jet-gap-jet events. The normalisation for these processes come from the fit to the D0 jet gap jet measurements discussed in Ref. [16] . The ratio between jet-gap-jet to inclusive jet events is shown in Fig. 9 requesting protons to be tagged in AFP for both samples. The ratio shows a weak dependence as a function of jet p T (and also as a function of the difference in rapidity between the two jets). It is worth noticing that the ratio is about 20-30% showing that the jet-gap-jet events are much more present in the diffractive sample than in the inclusive one as expected.
Exclusive diffraction
The advantage of the exclusive diffractive and photon exchange processes illustrated in Fig. 10 is that all particles can be measured in the final state. shows the double pomeron exchange event for reference, the second one the QCD exclusive production, the third one the production of a system X via photon exchanges, and the last one the exclusive photo-production events.
Both protons can be measured in AFP or CMS-TOTEM and the produced particles (jets, vector mesons, Z boson....) in ATLAS or CMS, and there is no energy losses such as in the pomeron remnants as shown in Fig. 10 , left diagram. It is thus possible to reconstruct the properties of the object produced exclusively (via photon and gluon exchanges) from the tagged proton since the system is completely constrained. It is worth mentioning that it is also possible to constrain the background by asking the matching between the information of the two protons and the produced object, and thus, central exclusive production is a potential channel for beyond standard model physics at high masses [10] in the ATLAS and CMS collaborations as we will see in the following.
Exclusive vector mesons can be alos measured in the LHCb experiment which recently measured for the first time the diffractive production of charmonium [18] . The Herschel scintillators are now being installed in LHCb to enhance the coverage at high rapidities in order to get a better control of non-exclusive background. Such channels are also sensitive to new physics: if a medium mass resonance due to a glueball or a tetraquark state exists, it could lead to a bump in the invariant mass distribution of the charmonium states.
The CMS/TOTEM experiment also performed extensive studies of possible measurements of exclusive states at high β * . It is worth mentioning that the search for glueball states and the probe of the low x gluon density down to x ∼10 −4 will be possible. With 1 pb −1 , it will be possible to confirm or not the existence of the unobserved possible f 0 (1710) and f 0 (1500) decay modes and with 5 to 10 pb −1 , the unambiguous spin determination and the precise measurement of cross-section times branching ratio. In addition, the measurement of the cross section times branching ratio for the three χ C,0,1,2 states, will be performed allowing a comparison with the results to the LHCb measurement [19] and the exclusive QCD calculations [20] In addition, it is possible to measure the exclusive dijet production at the LHC with about 40 fb −1 and a pile up of 40 as was shown by the ATLAS and CT-PPS collaborations. Despite the high level of pile up background, it is possible to obtain a pure enough of exclusive jets that can further constrin the models of exclusive diffractive production [11] .
Photon induced processes at the LHC and anomalous coupling studies
In this section, we discuss some potential measurements to be performed using proton tagging detectors at the LHC based on γ-induced processes. The main motivation is to explore rare events, searching for beyond standard model physics such as quartic anomalous couplings between photons and W/Z bosons and photons. We assume as usual in the following intact protons to be tagged in CMS/TOTEM or in AFP. These studies regained high interest recently with the observation of a potential resonance decaying into γγ at about 750 GeV that was observed by the ATLAS and CMS collaborations as we will see in the following [21, 23] .
In the first part of this section, we discuss the SM production of W and γ pairs at the LHC via photon exchanges. In the second, third and fourth sections, we discuss the sensitivities of these processes to trilinear and quartic gauge anomalous couplings, and we finish by discussing the role of photon-induced processes in the existence of a potential new resonance decaying into two photons.
Standard Model exclusive γγ, W W and ZZ production
In Fig. 11 and 12 , we show the leading processes leading to two photons and two intact protons in the final state as an example. The first diagram (Fig. 11) corresponds to exclusive QCD diphoton production via gluon exchanges (the second gluon ensures that the exchange is colorless leading to intact protons in the final state) and the second one (Fig. 12 ) via photon exchanges, It is worth noticing that quark, lepton and W loops need to be considered in order to get the correct SM cross section for diphoton production as shown in Fig 13. The QCD induced processes from the Khoze Martin Ryskin model [20] are dominant at low masses whereas the photon induced ones (QED processes) dominate at higher diphoton masses [22] . It is very important to notice that the W loop contribution dominates at high diphoton masses [22] whereas this contribution is omitted in most studies. This is the first time that we put all terms inside a MC generator, FPMC [24] .
The standard model of W pair production via gluon or photon induced processes ws also implemented in FPMC and leads to a cross section of Fig. 11 . Diphoton QCD exclusive production. Fig. 12 . Diphoton production via photon exchanges. Fig. 13 . Diphoton production cross section as a function of the diphoton mass requesting two intact protons in the final state and the photons to have a transverse momentum larger than 10 GeV. The QCD exclusive processes (Khoze Martin Ryskin) in full line dominate at low masses while QED diphoton production dominates at higher masses (dashed lines). The QED production corresponds to diphoton production via lepton/fermion loops (dotted line) and W boson loops (dashed-dotted line).
about 96 fb at a center-of-mass energy of 14 TeV, and it is clear that the exclusive production of Z boson pairs is forbidden in the standard model.
Triple anomalous gauge couplings
In Ref. [25] , we also studied the sensitivity to triple gauge anomalous couplings at the LHC. The Lagrangian including anomalous triple gauge couplings λ γ and ∆κ γ is the following
The strategy was the following: we first implemented this lagrangian in FPMC [24] and we selected the signal events when the Z and W bosons decay into leptons so that the background would be negligible (the decays into jets would be more complicated because of the high QCD dijet background). The difference is that the signal appears at high mass for λ γ . ∆κ γ only modifies the normalization and the low mass events have to be retained. The sensitivity on triple gauge anomalous couplings is a gain of about a factor 3 with respect to the LEP limits, which represents one of the best reaches at the LHC.
Quartic W W and ZZ anomalous couplings
In this section, we will study the reach at the LHC concerning the γγW W and γγZZ anomalous coupling. The principle is always similar: we select photon-induced processes leading to two intact protons and either W or Z pairs in the final state. The protons are measured in CMS/TOTEM or AFP and the W s and Zs in CMS and ATLAS.
The parameterization of the quartic couplings based on [26] is adopted. The cuts to select quartic anomalous gauge coupling W W events are the following, namely 0.015 < ξ < 0.15 for the tagged protons corresponding to the AFP or CT-PPS detector at 210 and 420 m, E T > 20 GeV, ∆φ < 3.13
Couplings OPAL limits Sensitivity @ L = 30 (200) [34] between the two leptons. In addition, a cut on the p T of the leading lepton p T > 160 GeV and on the diffractive mass W > 800 GeV are requested since anomalous coupling events appear at high mass. After these requirements, we expect about 0.7 background events for an expected signal of 17 events if the anomalous coupling is about four orders of magnitude lower than the present LEP limit [28] (|a W 0 /Λ 2 | = 5.4 10 −6 ) or two orders of magnitude lower with respect to the D0 and CMS limits [27] for a luminosity of 30 fb −1 . The strategy to select anomalous coupling ZZ events is analogous and the presence of three leptons or two like sign leptons are requested. Table 1 gives the reach on anomalous couplings at the LHC for luminosities of 30 and 200 fb −1 compared to the present OPAL limits from the LEP accelerator [28] .
Figs. 14 and 15 show respectively the number of expected events for signal as a function of the anomalous coupling value and the 5σ discovery contours for all W W and ZZ anomalous couplings for 30 and 200 fb −1 . It is possible to reach the values expected in extra dimension models. The tagging of the protons using the ATLAS and CMS/TOTEM Forward Physics detectors is likely to be the only method probe such small values of quartic anomalous couplings.
The search for quartic anomalous couplings between γ and W bosons was performed again after a full simulation of the ATLAS and CMS detectors including pile up [11] assuming the protons to be tagged in AFP or CT-PPS at 210 m only. Integrated luminosities of 40 and 300 fb −1 with, respectively, 23 or 46 average pile-up events per beam crossing have been considered and lead to similar results. In order to reduce the background, each W is assumed to decay leptonically (note that the semi-leptonic case in under study). The full list of background processes used for the ATLAS measurement of Standard Model W W cross-section was simulated, namely tt, W W , W Z, ZZ, W +jets, Drell-Yan and single top events.
Quartic photon anomalous couplings
Theoretical motivations
In this section, four-photon (4γ) interactions through diphoton production via photon fusion with intact outgoing protons are considered. We will give an historical perspective starting from a sensitivity study to anomalous γγγγ that was performed before the observation of a potential resonance by the CMS and ATLAS collaborations at a di-photon mass of 750 GeV, and we will discuss the relevance of this observation with respect to this study in the following subsection.
In the assumption of a new physics mass scale Λ heavier than the experimentally accessible energy E, all new physics manifestations can be described using an effective Lagrangian valid for Λ ≫ E. Among these operators, the pure photon dimension-eight operators
can induce the γγγγ process, highly suppressed in the SM [22, 29] . We discuss here possible new physics contributions to ζ γ 1,2 that can be probed and discovered at the LHC using the forward proton detectors.
Loops of heavy charged particles contribute to the 4γ couplings [22, 29] in a warped extra dimension. Warped-extra dimensions also feature KaluzaKlein (KK) gravitons [30] , that can induce anomalous couplings [29] 
wherek is the IR scale that determines the first KK graviton mass and κ is a parameter that can be taken O(1). For κ ∼ 1, and m 2 6 TeV, the photon vertex can easily exceed ζ γ 2 ∼ 10 −14 GeV −4 .
Experimental sensitivity to quartic four photon couplings
The γγγγ process (Fig. 12) can be probed via the detection of two intact protons in the forward proton detectors and two energetic photons in the corresponding electromagnetic calorimeters [22] . The SM cross section of diphoton production with intact protons is dominated by the QED process at high diphoton mass -and not by gluon exchanges -and is thus very well known, as we saw in the previous section.
As mentioned in Ref. [31] , the photon identification efficiency is expected to be around 75% for p T > 100 GeV, with jet rejection factors exceeding 4000 even at high pile-up (>100). In addition, about 1% of the electrons are mis-identified as photons. These numbers are used in the phenomenological study presented below. For these studies, we used as an example the ATLAS inefficiencies of identifying a photon, the mis-identification probabilities of a jet or a lepton into a photon, and the resolution in energy and rapidities for photons, as well as probability for conversion in lepton pairs.
[GeV] Gev −4 , see Eq. 8) and for the backgrounds (dominated by γγ with protons from pile-up), requesting two protons in the forward detectors and two photons of p T > 50 GeV with at least one converted photon in the central detector, for a luminosity of 300 fb −1 and an average pile-up of µ = 50.
As for the previous studies, the anomalous γγγγ process has been implemented in the Forward Physics Monte Carlo (FPMC) generator [24] . The FPMC generator was also used to simulate the background processes giving rise to two intact protons accompanied by two photons, electrons or jets that can mimic the photon signal. Those include exclusive SM production of γγγγ via lepton and quark boxes and γγ → e + e − . The central exclusive production of γγ via two-gluon exchange, not present in FPMC, was simulated using ExHuME [32] . This series of backgrounds is called "Exclusive" in Table 2 and Figs. 16, 17 . FPMC was also used to produce γγ, Higgs to γγ and dijet productions via double pomeron exchange (called DPE background in Table 2 and Fig. 16 ). Such backgrounds tend to be softer than the signal and can be suppressed with requirements on the transverse momenta of the photons and the diphoton invariant mass. In addition, the final-state photons of the signal are typically back-to-back and have about the same transverse momenta. Requiring a large azimuthal angle |∆φ| > π − 0.01 between the two photons and a ratio p T,2 /p T,1 > 0.95 greatly reduces the contribution of non-exclusive processes.
Additional background processes include the quark and gluon-initiated production of two photons, two jets and Drell-Yan processes leading to two electrons. The two intact protons arise from pile-up interactions (these backgrounds are called γγ + pile-up and e + e − , dijet + pile-up in Table 2 ).These events were produced using HERWIG [17] and PYTHIA [33] . The pile-up background is further suppressed by requiring the proton missing invariant GeV −4 , see Eq. 8) and for backgrounds after requirements on photon p T , diphoton invariant mass, p T ratio between the two photons and on the angle between the two photons. At least one converted photon is required. The integrated luminosity is 300 fb −1 and the average pile-up is µ = 50.
mass to match the diphoton invariant mass within the expected resolution and the diphoton system rapidity and the rapidity of the two protons to be similar (see Fig. 17 ). The number of expected signal and background events passing respective selections is shown in Table 2 for an integrated luminosity of 300 fb −1 for a center-of-mass energy of 14 TeV [22] . Exploiting the full event kinematics with the forward proton detectors allows to completely suppress the background with a signal selection efficiency after the acceptance cuts exceeding 70%. Tagging the protons is absolutely needed to suppress the γγ + pile-up events. Further background reduction is even possible by requiring the photons and the protons to originate from the same vertex that provides an additional rejection factor of 40 for 50 pile-up interactions, showing the large margin on the background suppression. A similar study at a higher pile-up of 200 was performed and led to a very small background. The sensitivities on photon quartic anomalous couplings are given in Table 3 . The sensitivity extends up to 7 · 10 −15 GeV −4 allowing us to probe further the models of new physics described above.
We also performed a full amplitude calculation in Ref. [22] that avoids the dependence on the choice of form factors needed in order to avoid quadratic divergences of scattering amplitudes. Sensitivities were found to be similar leading to possible discoveries of vector or fermions at high masses and high effective charges.
If discovered at the LHC, γγγγ quartic anomalous couplings would be a major discovery related to the existence of extra dimensions in the universe as an example. In addition, it might be inveestigated if there could be a link with some experiments in atomic physics, for instance the intrication experiments that might be interpreted via the existence of extra dimensions. Table 3 . 5 σ discovery and 95% CL exclusion limits on ζ 1 and ζ 2 couplings in GeV −4 (see Eq. 8) with and without form factor (f.f.), requesting at least one converted photon (≥ 1 conv. γ) or not (all γ). All sensitivities are given for 300 fb −1 and µ = 50 pile up events (medium luminosity LHC) except for the numbers of the last column which are given for 3000 fb −1 and µ = 200 pile up events (high luminosity LHC).
Further more, it is clear that extra dimensions might be relevant also for the fast expansion of the universe within inflation models.
3.5. Photon quartic anomalous couplings and the potential presence of a resonance in the di-photon mass spectrum at 750 GeV observed by the ATLAS and CMS collaborations
Recently, the CMS and ATLAS collaborations anounced the presence of a small excess in the di-photon mass spectrum for a mass of about 750 GeV at a center-of-mass energy of 13 TeV. While it is still too early to know if this excess is real or a statistical fluctuation, it is important to know how proton forward detectors might be able to give information about the production mechanism. Two experimental facts were observed: the excess is not present or very small at a center-of-mass energy of 8 TeV, and not seen in the di-jet channel at 13 TeV. If processes were gluon-induced, we would expect the di-jet cross section to be of the order of 1 pb since the ratio of the di-jet to di-photon cross section is of the order of Γ gg /Γ γγ = α 2 S /α 2 ∼ 200. Since no excess is observed in the di-jet channel, it seems natural to consider photon-induced processes (it is clear that the potential resonance might also be produced in a combination of photon and gluon-induced processes).
In Section 3.1, we already showed that the di-photon production via photon exchanges completely dominates the one via gluon exchanges at high di-photon masses. This means that we are sure that di-photon production is photon-induced is we tag the intact protons in the final state for a di-photon resonance of about 750 GeV.
Concerning the excess that has been presently observed, the forward protons detectors were not included in data taking. This means that for most of the events, protons were destroyed in the final state corresponding to inelastic events. The cross section of the pp → R → γγX reads [23] σ pp→γγX = (7. 
where f γ , Γ tot , r inel are respectively the γγR coupling, the width of the resonance, and the ration between the inelastic and elastic contributions. As determined by data, f γ is of the order of 5 TeV, and the width Γ tot of the order of 45 GeV. The r inel parameters is about 20 with a large uncertainty. More recent stduies lead to a better determination of this factor [35] . The fact that the resonance can be produced at 13 TeV but almost not at 8 TeV is related to the probability to emit quasi-real photons from the proton that can couple to the resonance R. The phase space producing a 750 GeV resonance at a center-of-mass energy of 8 TeV is much reduced compared to 13 TeV. We estimated this factor to be between 2.4 and 3.9.
Observing di-photon exclusive production and tagging the intact protons in the final state will allow being certain that these processes are photoninduced. As we mention already, this is a background-free experiment, which means that the observation of 5 events is enough to obtain a 5σ discovery. We predict the following cross section for the pp → pγγp process 
where f f s is the survival probability that can be estimated to be of the order of 0.8. About 20 fb −1 is thus necessary to obtain a 5σ discovery in this channel. In addition to the γγ channel, we predict a possible significant production of ZZ, W W , and Zγ events and it would be also interesting to look in these channels with tagged protons as well.
Conclusion
In this report, we detailled the interest of tagging the intact protons to study in detail the pomeron structure in terms of quarks and gluons and W W , ZZ and γγ productions via photon exchanges. Unprecedented sensitivities can be achieved at the LHC in the CMS-TOTEM and ATLAS experiments on quartic anomalous couplings, especially on γγγγ couplings, that will lead to one of the best sensitivity on extra dimensions at the LHC, and to potential discoveries if the existence of the di-photon resonance is confirmed.
